Opportunistic Spatial Orthogonalization (OSO), first proposed in [1] for the single-input-multiple-output (SIMO) system, is a cognitive radio scheme that opportunistically allows the existence of secondary users even if the primary user occupies all the frequency bands all the time. On one hand, OSO can be viewed as a multi-user diversity scheme that exploits the channel randomness and independence. On the other hand, OSO can be interpreted as an opportunistic interference alignment scheme, where the interference from multiple secondary users is opportunistically aligned at the direction that is orthogonal to the primary user's signal space. This paper extends 080 to the full multiple-input-multiple-output (MIMO) system, for which the scheme can be roughly interpreted as "riding the peaks" over the spatial eigen-channels, Most importantly, ill-conditioned MIMO channel, which is traditionally viewed as detrimental, is shown to be beneficial with respect to the sum throughput. User fairness issue is discussed, where using multiple transmit antennas to implement random beamforming is shown to be a possible solution.
I. INTRODUCTION
Cognitive Radio (CR) relies exclusively on the fact that there are some "spectral holes" for secondary users (SUs) to exploit [2] , which is true when some frequency bands are unoccupied by the primary user (PU) for a relatively long time. However, this will break down in applications where PU is intensively active and hence all frequency bands are occupied. As a result, CR will allow very few SUs to transmit in order to maintain the communication quality of the primary link.
For such applications, it becomes necessary to exploit spatial dimensions to provide degrees of freedom in addition to the time and frequency dimensions. A natural question is whether the user orthogonalization principle can be extended to the spatial domain for non-centralized wireless networks such as CR. The major technical challenge to realize this idea is that there is no universal basis for the set of all multidimensional spatial channels; so it is impossible to diagonalize all channel matrices onto a given set of orthonormal basis and assign different users to different dimensions.
One solution, named Opportunistic Spatial Orthogonalization (OSO), was proposed in [1] for the single-input-multipleoutput (SIMO) system. The OSO scheme allows both the primary user and the secondary user(s) to transmit at the same time and the same frequency band, but use different spatial 978-1-4244-5239-2/09/$26.00 ©2009 IEEE dimensions and hence the interference is minimized. It relies on two multi-user techniques: (1) Interference Alignment (IA) [3] , and (2) Multi-User Diversity (MUD) [4] . One major problem of IA is that it requires global channel state information at each transmitter, which is highly unrealistic in practice, especially in a CR system, as there is no incentive for the PU to inform its primary channel to the potential SUs. The spatial orthogonalization in the OSO scheme, however, is achieved without requiring SU to know the primary link channel, but instead relying on exploiting the channel randomness and independence to take advantage of the MUD. This paper further extends the OSO scheme to the full multiple-input-multiple-output (MIMO) system, and reveals some significant features that do not appear in the SIMO case. The MIMO OSO scheme can be roughly interpreted as "riding the peaks" over the spatial eigen-channels. To tackle the challenge of determining appropriate spatial dimensions to orthogonalize PU and SUs, the MIMO channel of the primary link is decomposed to obtain the set of coordinates, and then MUD is applied to choose the SUs that "align" with the unused directions. An important and somehow surprising observation is that ill-conditioned MIMO channel, which is traditionally viewed as detrimental, is shown to be beneficial with respect to the sum throughput. We also discuss the user fairness issue, in which a different usage of multiple transmit antennas for random beamforming is shown to be a viable solution.
I The focus of this paper is on N = 1. The general case will be discussed in the journal version. 
II. SYSTEM MODEL
The system under consideration is illustrated in Fig . I . It is assumed that there is one primary link which occupies all the frequency bands and transmits all the time . There are K candidate secondary links in the system, among which at most N links are actively transmitting". We will index all the users together: User l(PU), 2, ... , N + 1 (SUs) .
Consider that each link is equipped with L t transmit antennas and L; receive antennas. We use H i,j to denote the channel between user j's TX and user i's RX, i, j = 1, ... , N +1.
For simplicity of argument, we will focus on L; = L; = 2 with N = 1 and then discuss general (Lt ,L r ) . Extension to general N is straightforward. Since both PU and SUs are allowed to transmit over all the frequency bands, our attention can be focused on a narrowband vector interference channel:
Define the interference power ih (YI ' hl ,l ) Il h l ,111 2x I + (h l,2, h l ,I) X2 + (z l, h l,l) . (4) For simplicity matched filter (MF) receiver is assumed, which is the optimal maximum ratio combining (MRC) decoder without any interference:
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where the subscript denotes the number of candidate SUs. One can see that the random interference power {31 determines III. THE SIMO OSO SCHEME If at most one SU is allowed in the SIMO OSO scheme, the signal model is (assuming SU is present) changes independently to a different value according to some distribution. This channel model will be used to discuss the OSO scheme. We consider a coherent system where all the destination nodes have perfect knowledge of both the direct link from the intended source node and the cross links that come from the other source nodes , i.e., user i's receiver knows {Hi,j}f=~l . Notice that N is typically very small, which reduces the workload of channel estimation at SU-RXs. For the primary receiver (PUI -RX), we make a stronger assumption that it not only knows the direct link HI ,1 but also has perfect knowl edge of the channels that might interfere with the primary link , i.e., {HI,j}f=~l. This is necessary and can be achieved in the user selection stage, where all the K candidate secondary users send orthogonal pilots and PUI -RX performs channel estimation for each cross-interference channel. In applications such as uplink cellular networks being the PU (basestation is the PU-RX), this channel estimation can be reliably accomplished.
In the MIMO OSO scheme, we further assumes that PUI-RX feeds back the SU selection signal, together with the corresponding information on rate and beamforming vectors/matrices, to those activated SUs . It should be noted that this is a valid assumption and many practical systems have the capability to feed back beamforming information via limited feedback . In practice this can be made easier if one limits the choice of N to be small. Feeding back the beamforming vector/matrix is not needed in the SIMO case, which will be clear from Section III.
One important contribution of the OSO scheme is that the assumptions on channel state information (CSI) are reasonable for distributed and primary/secondary networks: PR's receiver knows the CSI only of those directly-connected links, and feeds back the rate and beamformer selection to those activated SUs' transmitters. Many existing multi -user techniques require the global CSI, e.g., transmitter or receiver know s the CSI of some not-connected links. where X m , Ym E C 2x I are the transmit and receive vectors of the m-th link, respectively, Hm ,n , F n E C 2x2 , and F n is the beamforming matrix at the n-th transmitter whose design is address in the later sections. We assume that PUI-TX has a total transmit power constraint PI, and SUm-TX also has a total power constraint P 2 , \:1m = 2" " , N + 1. Received signal at the m-th link is corrupted by an i.i.d. Additive White Gaussian Noise (AWGN) vector Zm rv CN(O , NoI) .
The channel transfer matrices {HiJ·} N~11 are assumed to l 2, )be independent of each other. This assumption is generally valid if the transmitters/receivers are not co-located, which is the case for most CR systems. In all the numerical examples, it is further assumed that they are also identically distributed with each element H i,j (l ,m) rv CN(O ,l). This brings us to the familiar ground of i.i.d. MIMO Rayleigh fading channels. A block-fading model is assumed, i.e., the channel matrices are constant during the channel coherence time and the effective decoding signal-to-interference-plus-noise ratio (SINR):
(11) to obtain the beamforming matrix F l ==Vl,l, where U 1,1, V 1,1 E ce 2 x 2 are unitary matrices, and the diagonal matrix Al,l consists of the ordered singular values Al,l (1) 2:: Al,l (2). Together with left multiplying the received signal U~l' the MIMO channel Hl,l is diagonalized, and then water-filling power allocation over the eigen-channels gives the optimal capacity [6] .
The SVD-based beamforming together with water-filling power allocation over all eigen-channels is the theoretically optimal transmission scheme without interference. In practice, however, beamforming using only a few strongest eigenchannels is commonly adopted. This scheme is suboptimal but has low complexity and can be easily implemented. In some scenarios it is in fact close to be optimal. For example, it is well-known that transmitting only on the strongest eigenchannel is the optimal strategy in the asymptotically low SNR regime. As another example, if the channel is ill-conditioned, i.e., the condition number is very large, then only using a few strongest eigen-channels is also approximately optimal. This can be inferred from the water-filling power allocation. Recall that the principle of water-filling is to allocate more power if the eigen-channel is strong. Hence for the ill-conditioned channel, the matrix is close to be singular and the very weak eigen-channels will get very little power from water-filling. As a result, discarding these eigen-channels incurs very little performance loss.
With this suboptimal scheme, both PU and SU will send only one data stream over one eigen-channel and the beamforming matrix F degenerates to a vector f. The transmit beamforming of PU reduces to sending Xl over the strongest eigen-channel {Al,l (1), Vl,l (I)}:
difference is that the primary link is much more important than other secondary links, and hence the quality of service (QoS) of the primary link should be guaranteed, which means the interference caused by secondary transmissions needs to be carefully controlled. On the other hand, the QoS of secondary links is generally not guaranteed, which is a price SU has to pay when operating on a frequency band that is not licensed to him. Another consideration is that the primary link should be asked to make as few changes as possible to accommodate the existence of SUs. These design principles should be kept in mind when designing CR systems.
A. OSO based on MIMO eigen-beamforming
Since PU1-TX knows Hl,l perfectly, the capacity-optimal transmission policy without interference is to first perform the Singular Value Decomposition (SVD) of the channel matrix n.. [6] (7) (9) (6) SNRl(dB) -SINRl(f3K)(dB)
where SNR I is the received signal-to-noise ratio of the primary link when there is no interference, and lthr(dB) is the maximum interference threshold. Hence, if a SU causes an interference that is no larger than this margin, it is allowed to use the same frequency band simultaneously with the PU. It should be noted that this interference threshold idea has already been discussed and adopted in the setting of CR spectrum sensing by the FCC as the interference temperature model [5] .
In order not to severely degrade the performance of PU, the interference power 131 needs to be very small. In general this will not be true if hl,l and h l ,2 are independent. So, if a SU is allowed to transmit simultaneously with the PU, there typically will be significant interference.
However, when there are many candidate SUs in the system, there is a very good chance that PU1-RX can find one secondary link whose interference channel hl,k is almost orthogonal to hl,l, and hence creates very little interference to the primary link. Notice that now the interference power becomes IV. THE MIMO OSO SCHEME One unique property of CR is the unbalance between users. Since PU has the legitimate and preferential right to operate on the given frequency bands, the SUs have to opportunistically sense the "spectral holes" and then transmit their own data without degrading the service of PU [2] . Due to this unbalanced nature of CR, the system design is considerably different from the conventional multi-user network. The main
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As the number of candidate SUs increases in the system, the tail of the distribution for 13K becomes much lighter. This in fact is due to the multi-user diversity effect. Interference from SU reduces the SINR and the data rate of PU. We would like to perform the secondary user selection such that the interference power is below some threshold. Wireless fading channels have a wide range of dynamics and a constant QoS is very difficult to maintain. Typically the system design would assume a certain SINR margin to deal with the dynamics of channel fading and multi-user interference. We borrow this idea and define [ A1 2 (1) 
0]
()]H = [UI,2(1), UI,2(2)] '0 >' 1 2(2) [VI,2(1), VI,2 2 . , (14) Similar to the methodology in the SIMO OSO scheme, we would like to exploit the channel randomness and independence so that PUI-RX can choose one SU whose weakest eigen-channel U1,2(2) is almost orthogonal to U1,1(1). Two remarks are appropriate at this stage. 1) is chosen, then any oscillation in U1,2(1) will result in larger projection onto the space sp {U1,1 (I)} and hence larger interference than choosing U1,2(2) and A1,2 (2) . This is especially true if the channel matrix H 1 ,2 is ill-conditioned. Since the overall received signal at PUI-RX becomes Y1 == A1,1(1)U1,1(1)X1 + A1,2(2)U1,2(2)X2 + Zl· (16) This is the same signal model as in Equation (2). The OSO scheme discussed in Section III and [1] can be directly applied to this model. The SINR of PU can be written as
1 -AI,2(2)l(u1,1(1), U1,2(2))1 2 P 2 + No· There is a very interesting observation from Equation (17). As we have mentioned, one motivation for each user to use only one eigen-channel is the ill-conditioned channel matrix.
In the L, == L; == 2 MIMO channel, this means A(l) is much larger than A(2). This channel illness has two direct impacts on PU's SINR. First, the intended signal Xl is sent on the strongest eigen-channel, and hence the signal power is amplified by AI,l (1). Since H 1 ,1 is ill-conditioned, A1,1 (1) is typically quite large, which is beneficial to SINR 1 . At the same time, the channel illness of H 1 ,2 suggests that Al 2 (2) is very small, which is also beneficial to SINR1 as ' it further reduces the residual interference from the imperfect orthogonalization between U1,1 (1) and U1,1 (1). In other words, very small A1,2 (2) relaxes the requirement of orthogonalization for a given interference margin. In fact, consider the extreme case where H 1 ,2 is singular, which means that A1,2 (2) == o. In this extreme case, U1,1(1) and
A second interesting observation can be made from Equation (18) and the independence between {Hm,n, m, n == 1, 2}. Notice that V1,2(2) indicates the weakest direction of H 1 ,2, and due to the independence between H 1,2 and H 2 ,2 it is highly impossible for V1,2(2) to be aligned to either the strong or weak eigen-channel of H 2 ,2 . Hence, although the transmitter signal X2 is aligned to be orthogonal to the intended signal at PU 1-RX, no signal alignment takes place at SU2-RX. Meanwhile, Xl from PU becomes the interference signal at SU2-RX, and since VI, 1 (1) is the strongest eigen-channel of H 1,1, it will be independent of H 2,1 and hence there is no interference control for SUo This remains the same as in the SIMO case. Fig. 2 gives the sum throughput performance of the derived OSO scheme in a L t == L; == 2 MIMO CR. For comparison the sum throughput of SIMO L t == 1, L; == 2 is recreated from [1] . The important observation is that even with the same signal and noise power, the sum throughput of MIMO is significantly larger than SIMO. It is very important to note that this should not be explained as MIMO provides more multiplexing gain than SIMO: even MIMO uses only one spatial dimensions for data transmission. The throughput advantage is best understood by comparing the MIMO Equation (17) A1,1 (1)/A1,2 (2) are the largest/smallest singular values of H1,1/H1,2, respectively, and typically AI,l (1) is much larger than AI 2(2). This is why the MIMO OSO scheme leads to much bette~average throughput than the SIMO case.
B. Multi-user diversity on the MIMO eigen-channels
The previous observation can be generalized as the multiuser diversity on the MIMO eigen-channels, which is explained in the following. Let us go back to the L t == L: == 2 U1 2(2) do not need to be orthogonal at all: the interference power AI,2(2)l(u1,1(1), U1,2(2))1 2 will be zero all the time no matter what value (U1,1(1), U1,2(2)) is. Such extreme example demonstrates the benefit of ill-conditioned MIMO channels in the OSO scheme.
This extreme case motivates a simple two-stage secondary user selection algorithm: Check the rank of all {H 1 ,n}~=2
in the first stage. If there is one (or more) HI,n which is singular, the corresponding SUes) are activated. If such SUes) cannot be found, move on to the second stage and use the same procedure as in [1] to evaluate the interference power of each candidate SU and compare it with the threshold rthr to determine whether it can be activated or not.
On the other hand, the overall received signal at SU2-RX (15) (13)
Consider the SVD of H 1 ,2 :
Hence at PUI-RX, (2) Eigcn-channcl I Eigcn channel 2
Well-co nditioned channels the multi-user diversity gain, but PU's individual performance remains almost undamaged. Fig. 3 . Illustration of the multi-user diversity on the l-i = L ; = 2 MIMO eigen-channels with two users. User I is plotted with the green curves and user 2 is with the blue ones. Solid and dashed curves correspond to strong and weak eigen-channels , respectively. The plot on the left is for the wellconditioned channels, in which the total channel power is equally distributed over eigen-channels. The plot on the right shows the multi-user diversity effect for the ill-conditioned channels. The red curve illustrates the effect of "riding the peaks" . Number of candidate secondary users MIMO channels HI ,1 and H I,z. The philosophy of OSO is to choose the SU whose uI ,z(2) is almost orthogonal to UI ,I(l).
For the sake of argument we assume the perfect situation where (u I,z(2), UI,I(l) ) = O.
From a point-to-point perspective, well-conditioned MIMO channel matrix is beneficial as it allows more degrees of freedom for communication and improves the performance of linear detectors such as Zero-Forcing (ZF) and Minimum Mean Square Error (MMSE) [7, Chapter 7] . This view is shifted in the multi-user case, which is illustrated by the left plot in Fig. 3 . If both channels are well-conditioned, there are no obvious "peaks" to exploit and the multi-user diversity gain is marginal. On the other hand, ill-conditioned channel matrix can greatly improve the overall throughput by "riding the peaks" , which is depicted in the right plot of Fig. 3 . Recall that SU's weak channel is aligned to PU's strong channel. This allows both users to beam on their strong channels without interfering with each other. This sum throughput advantage is depicted with the red curves in Fig. 3 .
Note that whether the MIMO channel is well-or illconditioned not only decides the multi-user diversity gain, but determines the admission of SUs into the cognitive radio system. As has been emphasized, the CR system is unbalanced and PU's performance should be strictly guaranteed . If PU's channel is well-conditioned, it should use all the spatial dimensions for data transmission, which leaves almost no room for SU to exploit additional spatial dimensions. In this scenario, there is very little incentive for PU to use only one spatial dimension and leave the other to SU, because this will affect PU's performance significantly. On the other hand, if PU's channel is extremely ill-conditioned, there is very small loss if PU only uses the strong eigen-channel. In this case, the overall throughput will be increased significantly, thanks to
C. Beyond MIMO eigen-beamforming
The OSO scheme discussed in Section IV-A assumes l-i = L; = 2 and N = 1 for simplicity of discussion. If there are more transmit and receive antennas, the spatial dimensions will be increased and there is more room for the SUs to co-exist with PU. For example, consider a L t = L r = 4 MIMO system .
The PU might only use the two strongest eigen-channels and is already approaching the optimal performance. This leaves two other spatial dimensions for the SUs, who can take advantage by relying on multi-user diversity and opportunistic interference alignment. In summary, more antennas creates more spatial dimensions, and there is a better chance that some of them are so weak that PU's performance will not degrade much if they are unused. This gives a better opportunity for SUs to co-exist and improves the overall system throughput.
Similar analysis based on interference threshold can be performed, although the procedure will become more complicated. The complication comes from the fact that PU has multiple independent streams, and SU's interference on each of them needs to be considered. A global threshold on the interference power is hence difficult to obtain. Instead we should directly study the decrease of MIMO capacity due to the cross interference.
V. THE USER FAIRNESS ISSUE
The proposed OSO scheme, just like other multi-user diversity schemes, has the user fairness issue if the quasi-static fading channel is considered. The primary receiver selects the secondary user(s) whose interference channel is orthogonal to the primary link. If the channel realization is very slowly varying, then one or several "lucky" SUs will be active for a long time, while other SUs remain silent. This creates the fairness problem among the candidate SUs.
The same problem was considered in the original multiuser diversity scheme [4] and many following papers, and which remains constant over time and hence causes the user fairness issue. Now applying random multiplication factor va on transmit antenna 1 and -vr=ae j O on transmit antenna 2, several solutions have been proposed in the framework of user scheduling. The general idea is to weigh users such that the ones who get to transmit now have decreasing possibility of being selected again in the near future. One example is the proportional fairness principle in [4] . However, one should notice that such user scheduling method will not work in the OSO scheme. The reason is that user selection has to be based on the spatial orthogonalization. Hence, user scheduling can be only applied to the set of SUs who are orthogonal to the primary link, which is still unfair to the other candidate SUs.
There are some solutions attacking this problem. For example, combining OSO with OFDMA in the wideband channel can help with the user fairness. For a multi-user wireless network adopting OFDMA, the licensed carrier owns all the frequency bands and allocates different subcarriers to different legitimate users in an OFDMA fashion. Consider the situation where the network is dense and hence all the subcarriers are occupied by legitimate users of the licensed carrier. Assume that there is an unlicensed carrier who also wants to use these frequency bands to serve his subscribers with OFDMA. In this case, the OSO scheme can be directly applied in a subcarrier-by-subcarrier basis. On each subcarrier, there already exists one legitimate user, and the OSO scheme will find (if possible) one or more SUs of the unlicensed carrier whose interference is within the margin, provided that the number of candidate SUs is reasonably large. In this way, multiple SUs can be activated on different subcarriers and the overall throughput performance is improved without sacrificing the licensed carrier. Due to the independence of channel realizations in different subcarriers, the SU selection rule on each subcarrier is different. It is very unlikely that one user would satisfy most of them and correspondingly occupy a lot of subcarriers. What is more likely is that different SUs are activated on different subcarriers, which alleviates the user fairness issue.
Another solution is the random beamforming, which relies on the artificially introduced randomness at the transmitter to vary the equivalent channel realization". For the sake of simplicity, let us consider L t == L; == 2. The scheme is to add a time-varying phase and power to the transmit antennas at PU-TX, similar to [4, Figure 5 ]. Note that without this random beamforming, the SIMO primary link channel is h == [ h 1 ,1(1) ] [ H1,1(1, l)va + H 1,1(1, 2)-vr=ae~o ] '21) H 1,1(2, l)va + H 1,1(2, 2)-vr=ae Jo .
By varying 0: and () in a pseudo-random fashion, the equivalent SIMO channel also changes over time, which will trigger different SUs to be activated at different times. Notice that such pseudo-randomness can be synchronized on both the transmitter and receiver side, which leads to two advantages. Firstly, the channel estimation needs to be done only once. Secondly, as long as the receiver gets the channel estimation of h 1 ,1 together with the interference links from candidate SUs, it can apply the pseudo-randomness to the primary link and perform SU selection with respect to each realization of (0:, ()), in an "anti-causal" way. That is to say, the SU selection does not have to wait until the favorable (0:, ()) appears. It can be done once the channel estimation is obtained, and the decision can be immediately fed back to the SU so it knows when to be active in the future.
VI. CONCLUSION
Opportunistic Spatial Orthogonalization (OSO) is a CR scheme that allows the existence of secondary users even when the primary user occupies all the frequency bands all the time. This scheme relies on the randomness and independence among channel matrices and exploits the spatial dimensions to orthogonalize users and hence minimize interference. The OSO scheme developed for MIMO has revealed some new insight into this problem, which is not present in the SIMO OSO scheme in [1] . Somehow surprisingly, ill-conditioned MIMO channel, which is traditionally viewed as detrimental, is shown to be beneficial with respect to the sum throughput. User fairness issue is also discussed, where using multiple transmit antennas to implement random beamforming is a viable solution.
